Nanosized copper silicates with three different structural morphology (amorphous, nanotubes and MEL) were prepared using different synthesis methods. The physico-chemical properties of copper silicates were characterized by XRD, FT-IR, SEM, HRTEM, N 2 -physisorption, XPS and H 2 -TPR techniques. The results indicated that the preparation conditions affect reduction behavior and textural properties of nanosized copper silicates. Hydrothermal synthesis method yielded chrysocollalike cuSio 3 nanotubes, which possessed high surface area and pore volume with easy reducibility. The catalytic performances of synthesized copper silicate nanostructures were evaluated for dehydrogenation of methanol. It was found that dehydrogenation activity is depended on the structural properties of copper silicates. Highest activity was observed for copper silicates with nanotube morphology. Catalytic dehydrogenation activity of copper silicates was also related to presence of more number of Cu-O-Si species, easy reducibility and Lewis acid centers. The CuSiO 3 nanotubes sample also exhibited good stability under investigated reaction conditions that deactivation was not detected for 48 h.
Methanol (CH 3 OH) dehydrogenation is an important probe reaction that often utilized to investigate the chemical composition and surface characteristics of the catalysts 1 . The reaction can progress in several ways, resulting in either the formation of methyl formate (HCOOCH 3 ) and formaldehyde (HCHO) or the decomposition of CH 3 OH into CO x and H 2 . Interest in the latter process is associated with the remarkable progress in the H 2 fuel cells research, which has taken place in recent decades 2 . Large scale production of HCHO is continuing due to the fact that it is widely used in manufacture of plastics and resins 3 . Methyl formate is also a highly reactive compound due to the concurrent existence of the ester group and labile hydrogen atom of the aldehyde group; this makes methyl formate as an advanced intermediate for the organic synthesis industry 4 . Methanol dehydrogenation to HCOOCH 3 can be conducted either in the absence of oxygen (dehydrogenation) or presence of oxygen (oxidation).
The direct dehydrogenation is an industrially preferred process, because it yields gaseous hydrogen and methyl formate. However, the resulting yield is not more than 40%, since the equilibrium conversion is thermodynamically controlled. Among catalysts studied for the direct dehydrogenation, many catalysts usually containing copper as an active metal component 5 . There are many research reports existed in the literature with respect to development of stable heterogeneous catalysts for alcohol dehydrogenation focusing on the metal supported SiO 2 , Al 2 O 3 and zeolites 6 . Copper supported catalysts showed an impressive performance in dehydrogenation of methanol. The performance of copper catalysts was found to be dependent on the catalyst synthesis conditions and physico-chemical properties, such as size of copper particles and specific surface area of catalyst 7 .
It was observed that methanol was selectively dehydrogenated to methyl formate over Cu/laponite and Cu/ Na(Mg 2.5 Si 4 O 10 F 2 ) clay catalysts, in contrast methanol dehydration to dimethyl ether was the predominant reaction over the Cu/saponite and Cu/montmorillonite catalysts 8 . It was also reported that the interlayer copper ions keep the initial oxidation state even in the reductive reaction conditions 9 . The low activity of copper supported clay catalysts is associated with unavailability of copper for methanol molecules because of its disposition in the interlayer space of the clay 10 . It was indicated in the literature that preliminary reduction treatment of copper catalysts (to convert oxidized Cu to Cu metal species) is necessary to obtain higher yields of methyl formate 11 . In contrast, some authors reported that not only metallic copper (Cu°) but oxidized copper species (Cu 2+ and Cu + ) also helpful for the formation of methyl formate in methanol dehydrogenation 12 . Therefore, the oxidation state of Cu, which is responsible for the catalytic performance in methanol dehydrogenation is still debatable.
Metal silicates are generally existed in different modes such as chains, sheets, rings and different framework structures [13] [14] [15] [16] . The basic structural unit of metal silicates was found to be a tetrahedron structured anionic group with four negative charge, which is linked to each other 14 . Due to their unique structural and physico-chemical properties, the metal silicates were utilized in many applications such as catalysis, gas separation etc [15] [16] [17] . To meet industrial requirements, catalysts should possess a large and thermally stable active surface area. Thus, our aim is to develop porous nanostructured copper silicate catalysts, and investigate their promising application in methanol dehydrogenation. Recently, CuO-SiO 2 nanocomposites were studied extensively due to the fact that SiO 2 exhibits high thermal stability and it does not influence the physical nature of the CuO or nature of any other metal oxide, when it was used as a support 18 . In order to investigate the role of structural and textural properties of copper silicates nanomaterials in selectivity to methyl formate, three different nanostructured copper silicates with different structure (amorphous, MEL structure and nanotube) were synthesized. A careful structural and textural characterization of catalysts has been undertaken to determine the nature, as well as the role of the active sites responsible for dehydrogenation of methanol.
experimental Section
Materials. All the reagents used in this work were obtained from Aldrich, U.K. They were used as received.
Synthesis of copper silicate (CuSil) nanomaterials. Amorphous CuSil [CuSil-AMOR]. Sol-gel
method was adapted to synthesize CuSil-AMOR sample 19 . Calculated amounts of tetraethyl orthosilicate and copper nitrate trihydrate were dissolved in ethanol and water (1:1 ratio) solvent in a round bottom flask and the contents were heated at 50 °C after adding a known amount of oxalic acid. The stirring was continued while heating is continued to remove the solvent from the clear solution and was allowed to form a gel. The obtained gel was dried in a conventional electric oven at 120 °C for 12 hours. The collected sample was then powdered and calcined in a muffle furnace under flowing air at 500 °C for 5 hours.
CuSil nanotubes [CuSil-NT] . The CuSil-NT sample was synthesized by using hydrothermal method described in the literature 20 . A known amount of copper nitrate trihydrate (0.5 g) was dissolved in 5 mL of mixed solvent (distilled H 2 O and ethanol in the ratio of 1:4). To this 5 mL of 0.5 M sodium silicate solution was added to obtain light blue precipitate and it was poured into a Teflon lined stainless steel pressure vessel and the contents were subjected to hydrothermal treatment at 200 °C for 48 hours. After cooling the vessel, the contents were filtered and washed with distilled H 2 O and ethanol. Finally, the material was dried at 100 °C for 2 hours and then calcined at 500 °C for 5 hours.
MEL structured CuSil [CuSil-MEL] . The synthesis of CuSil-MEL material was carried out using hydrothermal method 21 . Typically, stoichiometric quantities (1 CuO: 90 SiO 2 : 9 TBA 2 O: 6.5 Na 2 O: 1055 H 2 O) of copper nitrate, tetraethyl orthosilicate and sodium hydroxide were mixed in ethanol-water solvent and stirred for 30 min. To this solution, calculated amount of tetrabutyl ammonium hydroxide (TBAOH) was added under constant stirring. The temperature of the mixture was adjusted to 0 °C by using placing the flask in ice bath (kept it for 1 h), and then the flask was moved to hot water bath to maintain the temperature of the flask at 50 °C for 3 more hours to obtain a gel. The obtained gel was sealed in a Teflon-lined stainless-steel pressure vessel and it was thermally treated at 180 °C for 7 days. After the hydrothermal treatment, the autoclave was quenched with cold water, and the formed product was separated by centrifugation and it was washed with distilled water. The washed material was dried at 100 °C for 12 h and then calcined at 500 °C for 5 h under the flow of air.
Characterization of synthesized CuSil nanomaterials. The elemental composition of the synthesized materials was determined by using ICP-AES, Optima 7300DV (Perkin-Elmer) instrument. Powder X-ray diffraction measurements of CuSil materials were carried out using Bruker D8 advance target diffractometer with Cu Kα (λ = 1.5405 Å) radiation. The detection of crystalline phases presented in the prepared materials was accomplished by comparing XRD patterns with JCPDS files. The FT-IR spectra of fresh and pyridine adsorbed CuSil materials were obtained using Bruker D70 spectrometer. The scanning electron microscopy images of the samples were obtained over the JEOL JSM840A instrument. The powder sample was attached to an aluminum block using double sided carbon tape and the images were obtained at different magnifications. TEM images of synthesized materials were obtained using JEOL 2010, 200 kV transmission electron microscope. The nitrogen adsorption-desorption isotherms for all the materials were obtained using NOVA 3200e (Quantachrome, USA) automated gas sorption system. The specific surface area (S BET ) of the materials were determined using Brunauer-Emmett-Teller (BET) equation. The pore size distribution patterns of the samples were obtained using NLDFT method. The X-ray photoelectron spectral data for all the samples were obtained using SPECS GmbH XPS instrument as described in our previous publication 22 . Hydrogen-temperature programed reduction (H 2 -TPR) measurements were carried out using Quantachrome CHEMBET 3000 apparatus equipped with thermal conductivity detector.
Catalytic dehydrogenation of methanol (CH 3 OH). The catalytic activity of the synthesized CuSil sam-
ples for oxygen free vapor phase dehydrogenation of CH 3 OH was determined using fixed bed micro reactor. Helium gas saturated with methanol vapor to 10 vol % was used as the reaction mixture. The rate of the supply of the reaction mixture was 15 L h −1 . The catalyst was loaded into the reactor in the volume of 2 cm 3 . The contact time of the reaction mixture with the catalyst was 0.4 s. The catalytic runs were carried out within a temperature range of 250-500 °C. The catalyst was kept for 30 min at each temperature in order to reach the steady state. The analysis of the composition of the reaction mixture at the inlet and outlet of the reactor was performed using gas chromatography. In order to separate the components of the mixture, Porapak T type chromatographic column was used. In order to determine the stability of the samples, the temperature of the reactor was increased to the
Results and Discussion
The XRD patterns of calcined CuSil samples are presented in Fig. 1 . The XRD pattern of CuSil-NT sample shows broad diffraction peaks, which are in agreement with the XRD pattern of copper silicate hydrate phase [CuSiO 3 ·xH 2 O, JCPDS No. 00-003-1152]. The XRD pattern of the CuSil-AMOR sample shows a broad reflection centered at 2θ = 22° similar as amorphous silica, revealing that this sample possessed amorphous copper silicate structure. In contrast, CuSil-MEL is highly crystalline and exhibited characteristic reflections due to presence of MEL structure 23 . No additional diffraction peaks due to copper oxides were observed in the three samples, indicating the effectiveness of the adopted synthesis methods to obtain the pure nanosized copper silicate materials.
The FT-IR spectrum for CuSil-NT sample (Fig. 2 ) displayed two bands at 3620 cm −1 and 673 cm −1 , which could be attributed to the stretching and bending vibrations of hydroxyl groups attached to the copper atoms. The two bands appeared at 3450 cm −1 and 1630 cm −1 can be assigned to stretching and bending vibrations of adsorbed water molecules. The sharp band observed at 500 cm −1 is due to the Cu-O-Si bending vibration and the most intense band at 1035 cm −1 could be ascribed to Si-O stretching vibration of silicate tetrahedrons 24 . The remaining two bands at 825 cm −1 and 775 cm −1 could be assigned to the stretching vibrations of silicate chains 24 . The FT-IR spectrum of CuSil-MEL sample showed absorption bands at 460, 550 and 790 cm −1 , which could be attributed to the presence of MEL structure in the synthesized sample 25 . The band at 460 cm −1 can be assigned to bending vibration of O-Si-O bonds and the bands at 550 and 790 cm −1 are due to the symmetrical stretching vibration of tetrahedral linkage and double ring vibrations respectively 26 .
The band appeared at 1650 cm −1 is due to the H-O-H bending vibration of H 2 O molecules bound to MEL structure. The FT-IR spectrum of Cu-MEL sample also exhibited a band at 3550 cm −1 , which is due to stretching vibration of physically adsorbed H 2 O molecules to the MEL structure. FT-IR spectrum of CuSil-AMOR sample exhibited a band due to δ(-OH) at 670 cm −1 and a shoulder due to ν(Si-O) at 1042 cm −1 and also an asymmetric stretching Si-O vibration due to SiO 2 at 1100 cm −1 27 . It is important to note that the characteristic absorption around 630 cm −1 for CuO was not observed in all samples, which indicates the absence of CuO particles in the synthesized samples 28 .
The SEM and TEM images of synthesized CuSil samples are shown in Fig. 3 . The SEM micrographs reveal that the three samples possessed crystallites with different type of morphology. The morphology of the samples is different due to the fact that three different preparation procedures were adopted to synthesize the samples. The size of the particles could be accurately calculated from the TEM analysis. The CuSil-AMOR sample possessed spherical and worm shaped particles of size in between 15-25 nm. Figure 3 shows that the CuSil-MEL sample composed of mainly spherical particles with diameters of 25 nm, and some of the particles in this sample were aggregated as spheroids, packed together in a random manner. The CuSil-NT sample is consisted of large number of accumulated nanotubes as shown in Fig. 3 . Most of the nanotubes positioned horizontally on surface of the sample and The N 2 adsorption-desorption isotherms and pore size distribution patterns (in the inset) of calcined CuSil samples are shown in Fig. 4 . The synthesized CuSil materials exhibited isotherms of type-IV with H2-type hysteresis loops, which is an indication that the materials possessed meso pore structure 29 . The slight slope in the adsorption-desorption isotherms in the low relative pressures revealing that these samples possessed relatively small amount of micro size pores, except the slope is relatively higher in case of CuSil-AMOR sample, which was also clearly observed in BJH pore size distribution patterns of the samples. The major textural characteristics of the synthesized materials are presented in Table 1 .
The CuSil-NT sample possessed the BET surface area and pore volume of 365 m 2 g −1 and 0.592 cm 3 g −1 , respectively. This sample exhibited narrow pore size distribution centered at 3.2 nm, which is lower than the other two samples. The CuSil-MEL sample exhibited high large pore volume, around 2.523 cm −3 g −1 , and high specific surface area of 552 m 2 g −1 majorly due to the fact that this sample possessed intracrystalline mesopores resulting the high porosity.
The XPS analysis was performed to understand the electronic state of Cu, Si, and O elements in the thermally treated CuSil samples. The deconvoluted X-ray photoelectron spectra of the materials are shown in Fig. 5 . It was previously indicated that the binding energy (BE) for Cu 2p 3/2 photoelectron core level in Cu + and Cu 2+ species are 932.4 eV and 933.5 eV respectively 30 . It was also reported that materials, which contained Cu 2+ species exhibit strong satellite XP peaks, with BE at 6 to 10 eV above the main core level peaks and these satellite peaks does not appear in materials containing Cu + species 31 . The three CuSil samples exhibited two XP peaks corresponding to Cu species; the first peak with a Cu 2p 3/2 BE of 933.2 eV and the second one at 935.4 eV. The peak at 933.2 eV is consistent with Cu 2+ species. The peak at 935.4 eV could be attributed to the Cu species in Cu-O-Si network. Mosser et al. 32 also observed BE of 935 eV for Cu species in natural and synthetic copper silicate minerals. The quantification of species corresponding to different surface species was performed and the obtained results are tabulated in Table 2 . It is clear that CuSil-MEL and CuSil-NT samples possessed more surface Cu-O-Si species than CuSil-AMOR sample.
The observed O 1s XP spectra in CuSil samples are broad and the deconvolution of the peaks yielded in two different types of O 1s species with BE in the range of 529.8-530.7 eV and 531.5-532 eV. The O1s peak appeared at the range of 529.8-530.7 eV could be assigned to oxygen in Cu-Si-O species and the peak at the range of 531.5-532 eV is consistent with core level oxygen in Cu and Si oxides 33 . The Si 2p peaks for the three CuSil samples also included in the figure. The observed binding energy of 102.9 eV for the Si 2p in CuSil-NT and CuSil-MEL samples suggests that surface Si species are in the silicate structure as the BE is higher for SiO 2 (103.5 eV) 34 . However, CuSil-AMOR sample clearly exhibited the Si 2p peak at 103.5 eV corresponding to silicate species, the observed shift in the binding energy could be due to presence of more surface SiO 2 species in this sample. FT-IR spectra of pyridine adsorbed CuSil materials are presented in Fig. 6 . It was reported that two bands at 1450 cm −1 and 1610 cm −1 corresponding to the pyridine molecules interacted with Lewis (L) acid sites and the bands at 1545 cm −1 and 1635 cm −1 could be attributed to the pyridine interacted with Brønsted (B) acid sites 35 . The bands around 1490 cm −1 represents the pyridine molecules bound to both L and B acid sites 36 . The synthesized CuSil samples exhibited bands due to both Lewis and Brønsted acid sites, and the quantification of the amount of the Lewis and Brønsted acid sites was performed using reported procedure 37 . The results are presented in the Table 2 . It is clear that CuSil-NT sample possessed higher amount of both Lewis and Brønsted acid sites than the other two CuSil samples. It is majorly due to the fact that CuSil-NT material possessed more number of surface silanol groups and Cu 2+ species than the other two samples, which are related to the Brønsted and Lewis acid sites 38 .
The H 2 -temperature programed reduction (H 2 -TPR) patterns for the three calcined CuSil materials are presented in Fig. 7 . The H 2 -TPR patterns of the materials indicated that the three CuSil samples have one major reduction peak, which could be assigned to the reduction of Cu 2+ species to metallic copper (Cu°). However, the reduction peak temperature varied from 240 to 320 °C, in which both CuSil-AMOR CuSil-NT samples have the lowest reduction peak temperature, while CuSil-MEL sample has a reducing peak temperature about 320 °C. This observation is indicating that CuSil-AMOR and CuSil-NT samples are easily reducible than CuSil-MEL sample. The observations from the H 2 -TPR results reveals that the copper silicate structure have an influence on the reducibility of Cu species.
Catalytic dehydrogenation of methanol. All the catalysts were tested for dehydrogenation of methanol; methyl formate and dimethyl ether were observed as major reaction products and a small amount of methane was also observed under the studied reaction conditions. All the results presented in this work were obtained under steady-state conditions. Initially, influence of reaction temperature over the methanol conversion and selectivity www.nature.com/scientificreports www.nature.com/scientificreports/ to methyl formate over the CuSil catalysts was studied ( Table 3) at GHSV of 250 h −1 . The bare SiO 2 and CuO samples also tested to compare their catalytic activities with the CuSil samples. It was observed that the bare SiO 2 and CuO samples exhibited poor activity. It can be observed that SiO 2 and CuO are highly selective towards methyl formate, but the conversion of methanol is very low, as the yields are not higher than 4%. Consequently, the catalyst activity is simply related to formation of copper silicate structures. The synthesized CuSil samples are active and selective towards methyl formate formation.
The CuSil-NT sample exhibited higher activity compared to CuSil-MEL and CuSil-AMOR samples. Although, the conversion of methanol was increased with increase of reaction temperature in the CuSil samples and the selectivity to methyl formate decreased with increase of reaction temperature. This is possibly be due to the fact that at higher reaction temperatures, the thermal decomposition or decarbonylation of methyl formate could occur on surface of the catalyst and also a non-catalytic thermal decomposition of methanol is also possible at very high reaction temperatures [reactions (2) to (4)] 39 . Figure 8 illustrates the temperature dependence on methanol conversion and methyl formate yield for CuSil samples in a wide temperature range (250-500 °C). All samples were catalytically active even at low reaction temperatures (250 °C) and the conversion increased almost linearly with increase of reaction temperature. At low reaction temperatures (250 °C to 400 °C), high levels of methyl formate yields were observed mainly due to high selectivity to dehydrogenation product methyl formate. As a result of temperature increase (450 °C and 500 °C), an intensification of the reactions (2) to (4) occurred leading to significant drop in methyl formate yield. The highest methyl formate yield (57% at 400 °C) was obtained for CuSil-NT sample. The obtained results clearly The influence of the gas hourly space velocity (GHSV) on the catalytic methanol dehydrogenation activity for the synthesized CuSil samples was also studied. Figure 9 presents the conversion of methanol, selectivity to methyl formate observed at various GHSV values in case of CuSil-NT catalyst at 300 °C. It is clear that the catalyst offered high methanol conversion and low methyl formate selectivity at low GHSV values; probably, degradation of methyl formate taking place on the catalyst surface due to high residence time. However, no methane was detected in the reaction products, due to the fact that degradation of methyl formate [reactions (2) and (3)] yields CO and H 2 . Based on the observed results, and in order to obtain the high methyl formate yields, a GHSV of 250 h −1 was selected for other catalytic tests. www.nature.com/scientificreports www.nature.com/scientificreports/ The reaction kinetic study was carried out assuming that the reactions (1) and (2) are taking place over the CuSil-NT catalyst at low reaction temperature. Rate constants for reactions (1) and (2) were determined from the obtained activity data such as conversion of methanol, selectivity and yield of methyl formate. The estimation of kinetic parameters was carried out by following the procedures reported by Shelepova et al. 40 . The activation energy and pre-exponential factor for synthesized catalysts was performed at two different reaction temperatures (250 and 300 °C). The average error have not exceeded 5% in all catalysts ( Table 4 ). The rate constants at 250 °C and 300 °C for CuSil-NT sample are 6.5 × 10 3 M −1 s −1 and 1.5 × 10 3 M −1 s −1 respectively. For this catalyst, the observed pre-exponential factor and activation energy are 9.1 × 10 7 M −1 s −1 and 34.4 kJ mol −1 for methanol dehydrogenation. However, these values are around 5.6 × 10 8 s −1 and 52.4 kJ mol −1 for methyl formate decomposition. It was observed that the rate constant k 1 increased with increase of reaction temperature in case of three CuSil samples.
It was previously reported that when copper was supported on weakly acidic or amphoteric support, highest methyl formate yields were observed. On other hand, when the copper was supported on basic support, both methyl formate selectivity and methanol conversion decreased 5 . It was also observed that copper crystal size have not shown any significant influence on the catalytic dehydrogenation performance in copper-silica catalysts 41 . www.nature.com/scientificreports www.nature.com/scientificreports/ However, the observed results indicating that crystal structure and morphology of the copper silicates played an important role in dehydrogenation of methanol reaction.
It is also known that reduced copper species but not the Cu 2+ are the active species for methanol dehydrogenation 42 . The chemical state of copper in the synthesized CuSil samples determined by XPS analysis indicated that CuSil-NT sample possessed more number of surface Cu species with oxidation state lower than 2 + . In the case of CuSil-MEL and CuSil-AMOR, it seems that copper particles are interacting with surface hydroxyl groups (as FTIR results showed low intense bands due to -OH groups), thus accomplishing copper stabilization at a higher oxidation state. The most active CuSil-NT sample was selected to study the durability of copper silicate catalyst. Figure 10 presents the time on stream behavior of the sample. The catalyst possessed its initial activity even after 48 hours of reaction, revealing the stability of the CuSil-NT sample. The enhanced catalytic dehydrogenation activity of CuSil-NT catalyst could be due to the fact that CuSil-NT possessed greater number of surface Lewis acid sites and interactive [Cu-O-Si] species, which are easily reducible.
conclusions
Copper silicate materials with amorphous, nanotube and MEL structures were synthesized by adapting various synthesis methods. A thorough characterization of synthesized materials was performed using powder XRD, FT-IR, SEM, HRTEM, N 2 -physisorption, XPS and H 2 -TPR techniques. The synthesized copper silicate nanotubes sample possessed high surface area, pore volume and easy reducibility compared to other two samples. The catalytic performance of copper silicate nanostructures were evaluated in vapor-phase dehydrogenation of methanol. It was found that catalytic dehydrogenation activity is depended strongly on the structural properties of copper silicates. The enhanced catalytic dehydrogenation activity of CuSil-NT catalyst could be due to the fact that CuSil-NT possessed greater number of surface Lewis acid sites and interactive species, which are easily reducible. The copper silicate catalysts also showed good stability under reaction conditions without any considerable catalyst deactivation.
